Introduction
The subcontinental lithospheric mantle forms the lower portion of continental plates and has been implicated in stabilizing continental crust, particularly within Archean cratons (Jordan, 1988) . Studies of mantle xenoliths, carried to the surface in basalts and kimberlites, provide valuable insights into the composition and age of lithospheric mantle, and ultimately how and when it forms and how it has evolved (see Pearson et al., 2014 , and references therein).
About two decades ago, it was recognized that the original Late Archean-Early Paleoproterozoic lithospheric mantle beneath the eastern portion of the North China Craton (referred to as eastern NCC) was removed and replaced by fertile, Phanerozoic lithospheric mantle sometime after the Ordovician (Griffin et al., 1998; Menzies et al., 1993) . This is in contrast to the western NCC, which is characterized by rather thick lithosphere (N 150 km; Chen, 2010; Tian et al., 2009) and, thus, is likely to still be dominantly underlain by original ArcheanPaleoproterozoic lithospheric mantle. Since then, the eastern NCC has served as a natural laboratory for studying the loss of cratonic lithospheric mantle. Numerous geochemical and geophysical studies have sought to decipher the timing, extent and cause of lithospheric mantle removal and replacement (see reviews by Zhu et al., 2012a,b and references therein). Ancient lithospheric mantle that existed beneath the eastern NCC prior to thinning has been sampled in the form of mantle xenoliths from three diamondiferous, Ordovician kimberlites (Chu et al., 2009; Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008a) , which are located in the vicinity of the present-day Tan-Lu fault (Fig. 1) . By contrast, peridotite xenoliths carried in spatially associated Cenozoic basalts have Re-Os systematics similar to modern convecting upper mantle (e.g., Chu et al., 2009; Gao et al., 2002; Wu Tectonophysics 650 (2015) 104-112 et al., 2003, 2006) , implying removal and replacement of the original Late Archean-Early Paleoproterozoic lithospheric mantle following the Ordovician, most likely during the Mesozoic. However, studies of mantle xenoliths erupted in the Mesozoic (e.g., Gao et al., 2008) , or spatially distant from the Tan-Lu fault (e.g., Wu et al., 2006) are few, largely due to the scarcity of samples, as well as the very small size of those that do occur. The study of additional Mesozoic-erupted mantle xenoliths may be useful in constraining the temporal sequence and extent of lithospheric thinning in the eastern NCC. More importantly, the Tan-Lu fault has been linked to lithospheric replacement in the eastern NCC (e.g., Xiao et al., 2010; Zhang et al., 2007) , so it is critical to examine xenoliths that sample the mantle far removed from the fault in order to exclude possible effects imparted by it.
Here we report olivine compositions, whole-rock Re-Os isotopic systematics and platinum-group element (PGE) abundances of tiny xenolithic peridotites from two localities that lie~150-200 km to the west of the Tan-Lu strike-slip fault in the eastern NCC. Combined with literature data, the results allow us to place new constraints on the spatial and temporal removal and replacement of the original Archean and Paleoproterozoic lithospheric mantle in the eastern NCC, with important implications for understanding the tectonic processes involved.
Geological settings and samples
The eastern NCC block formed through the collision of the northern Longgang and southern Rangrim blocks, forming the Paleoproterozoic (ca. 2.1-1.9 Ga) Jiao-Liao-Ji Belt ( Fig. 1; e.g., Li et al., 2011) . The composite eastern NCC block amalgamated with the western NCC block to form the NCC via a~1.85 Ga continent-continent collision (Zhao et al., 2005) . Long after stabilization, the NCC experienced massive circum-craton Phanerozoic subduction and collisional orogenies, manifested in several orogenic belts: the Early Paleozoic Qilianshan Orogen to the west, the Late Paleozoic Xing-Meng Orogenic Belt to the north, and the Late Permian to Triassic Qinling-Dabie-Sulu ultra-high pressure metamorphic orogenic belt to the south and east, as well as the Jurassic onset of the Paleo-Pacific Ocean plate subduction beneath eastern China (Xu et al., 2013a) . The sinistral Tan-Lu strike-slip fault system likely formed following the collision of the Yangtze Craton and NCC during the Triassic, which led to the creation of the Qinling-DabieSulu Belt (Yin and Nie, 1993) . Since the Mesozoic, the eastern NCC has experienced extension and intraplate magmatism, the latter of which entrained the deep-seated mantle xenoliths examined in this study (Fig. 1) .
The mantle xenoliths studied here are from Wudi (N38°0′36.3″ E117°40′51.8″) and Fuxin (N42°16′39.6″ E121°54′10.9″) (Fig. 1) , and are all garnet-free spinel peridotites. Those from Wudi were entrained in Pleistocene (b 1 Ma; Chen et al., 1985) alkali nephelinites from the interior of the eastern NCC. The elemental and isotopic characteristics of the Wudi host nephelinites indicate that these lavas were derived from low degrees of melting of the depleted asthenospheric mantle, hybridized with recycled crustal materials (Luo et al., 2009 ). The peridotites from Fuxin were entrained in the Cretaceous (~100 Ma; Zhang and Zheng, 2003) alkali basalts from the northern edge of the eastern NCC. The Fuxin host basalts have geochemical features similar to those of Cenozoic basalts that are interpreted to be derived from the depleted asthenosphere (Zhang and Zheng, 2003) . Peridotites from both localities are dominantly spinel lherzolites with minor harzburgites, and are fresh, but small (b2 cm in maximum dimension), making interpretation of wholerock Re-Os isotope and PGE abundance data challenging. Xing -Me ng Oro geni c Belt
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Analytical methods
Major element composition of olivines
Major element compositions of olivine grains separated from mantle xenoliths, including 82 peridotites from Wudi and 39 peridotites from Fuxin, were analyzed in order to assess the range of melt depletion exhibited by the peridotites. These analyses were carried out using wavelength dispersive spectroscopy with a 15 kV accelerating voltage, a 20 nA cup current, and a 10 μm diameter beam on a JEOL 8900 electron probe micro-analyzer (EPMA) at the University of Maryland (UMd). A variety of natural minerals were used as primary and secondary standards, and raw X-ray intensities were corrected using a ZAF algorithm. One to three spots per olivine grain, and one to four grains were analyzed per sample. Based on the forsterite contents (Fo = 100 × molar Mg/(Mg + Fe)) of olivine grains, a representative sub-suite of peridotites (11 of 82 Wudi peridotites and 16 of 39 Fuxin peridotites), spanning the range in Fo values, and also yielding sizable materials, were selected from each locality for whole-rock isotopic and elemental analyses.
Sample preparation
The lava enclosing each xenolith was initially removed using a diamond saw. The liberated xenolith was further purified by grinding, using a polisher with a coarse-grained, silicon carbide-coated paper. Each "lava-free" xenolith was rinsed with deionized Milli-Q water, dried at room temperature, then gently crushed to a coarse grain size, using an agate mortar and pestle. This material was inspected under a binocular microscope and any remaining visible pieces of lava were removed. The virtually lava-free, coarse peridotite fragments were then pulverized to fine powders using an agate mortar and pestle. The selected Wudi and Fuxin peridotites yielded 0.10 to 0.36 and 0.08 to 1.4 g of powders, respectively, for bulk analyses. (Cohen and Waters, 1996) , and finally purified via microdistillation using a H 2 SO 4 -dichromate solution into 15 μl of concentrated HBr (Birck et al., 1997) . Iridium, Ru, Pt, Pd and Re were separated and purified from the remaining acid solution using anion exchange column chromatography (Rehkämper and Halliday, 1997 as high as 5%, depending upon Zr/Pd ratios in the sample solutions. Instrumental mass fractionation was corrected for by periodic measurements of in-house standards (usually one per three sample analyses) using the standard bracketing method, resulting in normally less than 3% correction. Diluted, spiked solutions of the iron meteorites South Byron (for Ir and Pt), Dronino (for Re), and Sikhote-Alin (for Ru) were run during each analytical session as secondary standards. No Pd meteorite aliquots were run. The isotopic ratio results of these runs are within 2% with accredited values obtained from precise measurements of undiluted sample solutions using Faraday cups of a Nu Plasma ICP-MS (see Table S1 in the Electronic Supplement). During the analytical campaign, two blanks were processed and yielded the following average quantities: Os 0.29 pg, Ir 0.77 pg, Ru 2.9 pg, Pt 5.0 pg, Pd 4.1 pg, and Re 0.76 pg. Due to small sample size, blank corrections for samples vary from insignificant to a few percent for Os (0.04-1.0%), Ir (0.03-2.7%, except for 11.9% for sample FW1-22), Ru (0.1-4.0%), Pt (0.04-7.9%, except for 65% for sample FW1-22), and Pd (0.1-5.5%, except for 10.0% for sample FW1-22), while the blank constitutes between 0.3 and 40% of the total Re in the samples.
Chemical and isotopic compositions and the age of the lithospheric mantle
Full major element data for olivines are provided in the Electronic Supplement (Table S2) The Re-Os isotope and PGE abundance data of the eleven Wudi and sixteen Fuxin peridotites are provided in Table 1 . Both Wudi and Fuxin peridotite suites are characterized by large variations in PGE and Re concentrations. For example, Ir concentrations range from 0.17 to 2.25 and 0.09 to 7.24 ppb, respectively. The primitive upper mantle (PUM)-normalized patterns of the Wudi peridotites are characterized by PUM-like relative abundances to significant depletions in the platinum-group PGE (PPGE: Pt and Pd), relative to the iridium-group PGE (IPGE: Os, Ir and Ru) (Fig. 3a) . Such patterns are consistent with variable degrees of melt extraction from residues, as shown by correlations between, for example, Pd/Ir and Fo values (Fig. 4) . It is noted that the sample W50 shows prominent Re enrichment relative to IPGE, as reflected by a high 187 Re/ 188 Os of 3.67
( 5a ) and Fo content (Fig. 5b ). Such correlations suggest that these rocks formed by an ancient melt depletion event, assuming that the mantle source was homogeneous in terms of Os isotopic composition and Re-PGE relative abundances. Assuming that no Re remains in residual peridotites at Fo = 92.5 ± 0.5 (such high forsterite contents suggest that the peridotites are residues after high degrees (N 25%) of mantle partial melting (Bernstein et al., 2007) where nearly all Re is extracted into the melts (Handler et al., 1997) Os of 0.1099, yields an older T RD Os model age of 2.5 Ga. In summary, the Wudi peridotites are consistent with a Paleoproterozoic formation age of 1.8 ± 0.3 Ga, but also with additional evidence for minor relicts of Archean lithospheric mantle.
In contrast to the Wudi peridotites discussed above, peridotites from Fuxin display diverse PUM-normalized PGE patterns (Fig. 3b-c Os samples are all characterized by high Fo N 91, and prominent depletions of Re-PPGE relative to IPGE ( Fig. 3b; Fig. 4 ), reflecting the antiquity of their mantle partial melting and minimal secondary overprinting. Despite having Re-PPGE depletion characteristics similar to the Group 1 samples, the Group 2 samples have much lower Fo, ranging from 88.1 to 90.4. The degrees of mantle partial melting inferred from such low Fo are unlikely to be responsible for the observed Re-PGE patterns ( Fig. 3b; Fig. 4 ). This implies that the low Fo values of the Group 2 samples were likely caused by melt-peridotite reaction that caused Fe enrichment, which, however, little changed the Re-PGE system. Of note within this group, sample 11FW1-1, which has a Fo of 90.4, also has the highest 187 Os/ 188 Os of 0.2043 in the suite. This xenolith is likely to have experienced significant enrichment in radiogenic Os as a consequence of melt-peridotite reaction. This sample has a low Os concentration (0.86 ppb, Table 1 ) relative to the rest of the suite, making it particularly susceptible to isotopic modification.
The Group 3 samples are characterized by relatively flat PUMnormalized PGE patterns, which seem to be in accordance with limited degrees of partial melting based on their low Fo (87.4 to 90.3). However, three of the five samples in this group have remarkable depletions of Re relative to PGE (Fig. 3c) Os ratios generally plot within the range of modern convecting upper mantle ( Fig. 5; Table 1 ). These rocks show no obvious correlation between Os isotopic composition and indicators of melt depletion (Fig. 5) . Although most of them experienced recent Fe-enrichment from melt-peridotite reaction, this process might not have significantly modified the Os isotope ratios of most samples, which have relatively high Os concentrations (e.g., N1 ppb; peridotite reaction occurred prior to eruption (100 Ma). Considering that no clear correlation is observed between calculated equilibrium temperatures and Fo values in the Fuxin peridotites , we infer that the two generations of lithospheric mantle may, therefore, be interleaved at depth.
Tectonic implications
Mantle peridotites from Paleozoic through to Cenozoic lavas in the eastern NCC show considerable variation in chemical composition and age (e.g., Gao et al., 2002; Wu et al., 2006) . Combining our new data with data from the literature, we discuss the tectonic processes operating within the eastern NCC during the Proterozoic and Phanerozoic eons (see summary in Table 2 ).
Proterozoic lithospheric replacement
The spatial juxtaposition of Archean crust (Wu et al., 2005) and underlying Archean lithospheric mantle, sampled by Ordovician kimberlitic xenoliths in the eastern NCC (Chu et al., 2009; Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008a) , provides strong evidence that the lithospheric mantle underlying these locations initially formed during the Archean, most likely related to the generation of the overlying continental crust. Yet such ancient lithospheric mantle is not observed in the mantle xenolith suites carried in Cenozoic basalts that erupted in the vicinity of the Ordovician kimberlites (Chu et al., 2009; Gao et al., 2002; Wu et al., 2003 Wu et al., , 2006 . By contrast, the Os isotopic data for the Wudi peridotites suggest that the lithospheric mantle underlying the central Bohai Sea,~150 km to the west of the Tan-Lu fault was primarily formed during the Paleoproterozoic (~1.8 Ga), with minor Archean remnants. The basement geology of this region, however, is buried beneath Cretaceous and younger sedimentary rocks that accumulated within the Bohai Sea basin so it is unknown whether Paleoproterozoic or Archean crust currently underlies this region. Assuming that this portion of the eastern NCC originally formed during the Archean, our data suggest that a major portion of the original Archean lithospheric mantle was removed and replaced during the Paleoproterozoic. Elsewhere in the NCC, Paleoproterozoic lithospheric mantle is found below Archean crust that experienced collisional orogeny during the Paleoproterozoic (e.g., northern Trans-North China Orogen, Liu et al., 2010 Liu et al., , 2011 Liu et al., , 2012 Khondalite Belt, Liu et al., 2011; Jiao-Liao-Ji Belt, Wu et al., 2006;  Fig. 1 ). By inference, we postulate that a similar Paleoproterozoic belt underlies the Wudi locality. Furthermore, the Paleoproterozoic lithospheric mantle in this region was evidently not entirely removed by subsequent Mesozoic processes.
Phanerozoic lithospheric replacement
In the eastern NCC, mantle xenoliths carried to the surface during the Cenozoic have distinct chemical compositions and ages compared to those carried by Ordovician kimberlites. This observation has been interpreted to suggest significant thinning and replacement of the lithospheric mantle during the Mesozoic (Chu et al., 2009; Gao et al., 2002; Griffin et al., 1998; Menzies et al., 1993; Wu et al., 2003) . On the northern edge of the eastern NCC, the Fuxin peridotites sample fragments of both ancient (≥2.3 Ga) and modern lithospheric mantle present at 100 Ma.
On the northern margin of the NCC, Late Paleozoic collision between the Siberian Craton and the NCC formed the Xing-Meng Orogenic Belt through shortening and thickening of the lithosphere. This was followed by extension, as seen by the emplacement of metamorphic core complexes in the Early Cretaceous (120-107 Ma; Yang et al., 2007). Formation of dense, lower crustal eclogites and garnet clinopyroxenites, during Mesozoic crustal thickening, gave rise to gravitational instability through which the lower portion of lithosphere may have foundered en masse into the asthenosphere, leading to the production of new lithospheric mantle by passive upwelling and melting of hot asthenospheric material. This sequence of events is recorded in the Late Jurassic Xinglonggou high-Mg andesites, and later in the Early Cretaceous Sihetun high-Mg basalts, which have been interpreted to be derived from melting of eclogitic lower crust and mantle that was hybridized by eclogitic melts, respectively (Gao et al., 2004 . Moreover, the Fuxin alkali basalts were derived by melting of asthenospheric mantle at a shallow depth (b65 km; Zhang and Zheng, 2003) , implying an already thinned lithosphere by the time of eruption (~100 Ma). Given that Fuxin, Xinglonggou and Sihetun are proximal to one another ( Fig. 1 ), these observations suggest that the original Late ArcheanEarly Paleoproterozoic (≥2.3 Ga) lithospheric mantle was, at least partially removed by density foundering/delamination and replaced by Mesozoic lithospheric mantle. Furthermore, this process had already begun by the Late Jurassic; by~100 Ma, when the Fuxin basalts erupted, both remnants of the original Precambrian lithospheric mantle and newly-accreted Mesozoic lithospheric mantle coexisted, probably indicating the termination of lithospheric removal/thinning. Moreover, melt-peridotite reaction is widely recorded by Fe-enrichment within the Fuxin peridotites (Zheng et al., 2007; this study) . On the southern margin of the NCC, the Yangtze Craton collided with the southern NCC, leading to the formation of the Triassic Qinling-Dabie Orogenic Belt, as well as the formation of the Tan-Lu fault ( Fig. 1 ; Yin and Nie, 1993) . This massive collision also caused lithospheric shortening and thickening in the southern NCC, as evidenced by the presence of Triassic lower crustal eclogite and garnet clinopyroxenite xenoliths (e.g., Xinyang, Zheng et al., 2005; Xu-Huai, Xu et al., 2006) . Density foundering/delamination may have occurred more rapidly and extensively in regions close to the collisional boundaries, where a higher degree of lithospheric thickening had occurred. This is consistent with the proposed occurrence of lithospheric thinning in the southeastern NCC prior to the Late Triassic (Yang et al., 2010) , while the Late Triassic (~220 Ma) eclogites and garnet clinopyroxenites remained within the interior of the eastern NCC during the Early Cretaceous (Xu et al., 2006) . In addition, the numerous Early Cretaceous mantle-derived rocks (e.g., et al., 2008b) were primarily formed via melting of asthenospheric mantle similar to Cenozoic basalts in the eastern NCC (Lee et al., 2006; Peng et al., 1986) . This suggests that the major lithospheric thinning had ended by this time. Thus, in the southern portion of the eastern NCC, Phanerozoic lithospheric removal and replacement, via density foundering, initiated at the collisional boundary in the Triassic and then migrated to the interior in the Early Cretaceous.
The discussion above highlights the role of density foundering/ delamination in the removal and replacement of deep lithosphere in the eastern NCC, but this process alone cannot account for all of the observations in this study and in the literature. The foundering of eclogitic lower crust and underlying lithospheric mantle implies complete removal of old lithosphere and subsequent replacement by juvenile lithosphere (Kay and Kay, 1993) . However, mantle xenoliths entrained in Cretaceous lavas (e.g., Laiwu, Gao et al., 2008; Qingdao, Zhang et al., 2011; Fuxin, this study) and even Cenozoic lavas (Kuandian, Wu et al., 2006; Wudi, this study) that are far removed from the Tan-Lu fault contain remnants of original Precambrian, more refractory lithospheric mantle. By comparison, mantle xenoliths/xenocrysts in Cretaceous lavas erupted close to the fault have changed in composition through time, for example from pyroxenite xenoliths and low-Fo (88-91) olivine xenocrysts beneath Fangcheng (125 Ma; Zhang et al., 2002 Zhang et al., , 2007 and websterite xenoliths and high-Fo (92-93) olivine xenocrysts beneath Feixian (119 Ma; Pei et al., 2004; Gao et al., 2008; Xu et al., 2013b) in the Early Cretaceous, to lherzolite xenoliths beneath Junan (67 Ma; Ying et al., 2006) in the Late Cretaceous.
In the Early Cretaceous, these mantle rocks/minerals document the transitional modification stage of the original Precambrian lithospheric mantle, thus marking the ongoing destruction of the lithospheric mantle beneath this region, while in the Late Cretaceous, we interpret the predominantly fertile lherzolites to represent the Phanerozoic lithospheric mantle that was newly formed after thinning, as sampled by many mantle xenoliths carried in Cenozoic basalts in the eastern NCC (Fig. 1) . This is particularly true of those erupted close to the fault (e.g., Chu et al., 2009; Xiao et al., 2010; Zhang et al., 2007) . This suggests that density foundering/delamination did not cause complete removal of old lithosphere beneath the eastern NCC, and it is likely to have occurred locally, where significant shortening and thickening of lithosphere occurred proximal to collisional boundaries. This also suggests that the Triassic-initiated Tan-Lu fault served as a conduit of hot material, and accelerated lithospheric removal and replacement through thermo-mechanical erosion. In addition, intensive magmatism, regional extension and gold mineralization in the Early Cretaceous have been interpreted to have resulted from Paleo-Pacific plate subduction, indicating significant removal of old lithosphere during this period (Zhu et al., 2012a,b) . Further, the interaction between peridotite and melt/fluid is observed in fertile mantle peridotites (e.g., Xu et al., 2013b; Zhang et al., 2007; Zheng et al., 2007;  this study) and water-enriched, lithospheric mantle-derived basalts (Xia et al., 2013) erupted in the Early Cretaceous in the eastern NCC. This implies that melt/fluid-peridotite interaction processes may have modified the chemical composition of lithospheric mantle by Feenrichment and/or hydration, attenuated its physical properties (e.g., by increasing density and/or decreasing viscosity), and ultimately assisted removal of lithospheric mantle.
Collectively, lithospheric mantle removal and replacement during the Phanerozoic in the entire eastern NCC initiated at collisional boundaries and then migrated to the interior via density foundering with the aid of melt-peridotite interaction. Thermo-mechanical erosion associated with the Tan-Lu fault may have further contributed to lithospheric thinning.
Overall, the NCC experienced lithospheric removal in both the Paleoproterozoic (~1.8 Ga) and Phanerozoic. These removal events were primarily associated with the collisional orogens. The Paleoproterozoic removal presumably resulted from the western-eastern collisions that amalgamated the NCC in the Paleoproterozoic (Liu et al., 2010 (Liu et al., , 2012 ; this study). The Phanerozoic removal may have been spatially associated with the collisional orogens on the northern and southern margins and the Tan-Lu fault, as well as the Paleo-Pacific plate subduction. In this context, it is noteworthy that peridotites carried in Cenozoic alkali basalts from the southeastern margin of the Siberia Craton at Tok (located to the north of the NCC along the Xing-Meng Orogenic Belt; Fig. 1 ; see Fig. 1 of Ionov et al. (2005) for the locality of Tok) exhibit remarkable similarities in chemical compositions (including a large range of Fo values and PGE patterns; Ionov et al., 2005 Ionov et al., , 2006a and Os isotope compositions (Ionov et al., 2006a) to the Fuxin peridotites. Given their similar tectonic settings (both close to the Xing-Meng collisional orogen and PaleoPacific plate subduction), it is envisioned that similar lithospheric thinning and replacement occurred on the southeastern margin of the Siberia Craton during the Mesozoic-Cenozoic era, as suggested by Ionov et al. (2006b) .
Conclusions
Our data show that the Wudi peridotites, carried in Pleistocene (b 1 Ma) alkali nephelinites, experienced melt depletion primarily during the Paleoproterozoic (~1.8 Ga), while an Archean Os model age (T RD = 2.5 Ga) for one xenolith indicates incorporation of a minor component of Archean lithospheric mantle. This observation suggests that a previously unrecognized Paleoproterozoic orogenic event led to the removal and replacement of most of the original Archean lithospheric mantle in the vicinity of the Bohai Sea. By contrast, the Fuxin peridotites, carried in~100 Ma old basalts and located on the northern edge of the eastern NCC, record coexistence of both ancient (≥ 2.3 Ga) and modern lithospheric mantle components, suggesting that the original Late Archean-Early Paleoproterozoic lithospheric mantle was, at least partially, removed and replaced prior to 100 Ma beneath this area. Combined with literature data, our new results show that removal of the original Archean lithosphere occurred within Proterozoic collisional orogens, and that replacement of Precambrian lithosphere during the Mesozoic may have been spatially associated with the collisional boundaries and the Tan-Lu fault, as well as the onset of Paleo-Pacific plate subduction. 
